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The technica l ly  most advanced method f o r  t'ne production o f  a high- 
heatinz-value (p ige l ine)  gas f ron  coal  comprises gas i f ica t ion  of t he  coal  
w i t h  s t e a ?  and oxygen t o  a low-heating-value sgnrhesis gas,  followed by 
ca t a ly t i c  conversion of the hydrogen and carbon monoxide content of t he  
purif ied synthesis gas t o  methane.1'23 The major e f f o r t  has been ex- 
pended on the  gas i f i ca t ion  s t e p  because of i t s  wide appl icabi l i ty .  
bed and sus;7ension gasii ' ication processes have been develo7ed t o  a p i l o t  
plant sca le ,  7 J 1 1 1 3  J 3 4  and some have been operated successfully on a 
comerc ia1  sca1e.15,17121'36 

The methanation s t ep  has a l s o  been s tudied extensively,  but much 
of <he  vork has been concerned with ca t a lys t  development and, therefore ,  
has involved small-scale experiment?. In s tudies  by t h e  B r i t i s h  Fuel 
Research and Gas Research Boards3" lo t h e  development of fixed- and 
;;l.oving-bed reac tors  has been s t ressed .  I n i t i a l l y ,  s tud ies  by the  U.S. 
Bureau of Mines 7 y 5 5  and t h e  I n s t i t u t e  of Gas Technologf3 were a l so  
conducted in r e l a t i v e l y  smail fixed-bed reac tors .  In these inves t i -  
gatLons, sup2orted n icke l  ca t a lys t s  were employed near ly  wlthout excep- 
t ion. 

The la rges t - sca le  fixed-bed methulation data f o r  t h e  production 
o f  high-heating-value f u e l  gas were resorted by Dent and Hebden,' who 
achieved near-equilibrium conversion of 3.6:l &,/GO r a t i o  synthesis  gas 
?or 3500 hours i n  a 9.5-Lrch diameter by 10-inch deep ca ta lys t  bed a t  
20 atmospheres, 2000 s t d .  cu. f t . / cu . f t .  ca ra lys t -hr .  f resh  feed gas 
s?ace veloci ty ,  and 6:1 recycle r a t i o .  A coimpregnated nickel-al-a- 
cnina clay ca t a lys t  was em?loyed. 

The design of large-scale  fhed-bed  reac tors  for essen t i a l ly  com- 
plete conversion of hydrogen and carbon monoxide t o  methane at  high 
t h r o u g h p c s  presents d l f l c u l t  engineerb-  problem. Large quant i t ies  
of exothemlc heat of reac t ion  must be removed without causing excessive 
temperature gradients  t o  occur i n  t h e  ca t a lys t  bed. 
e i the r  con?lex 'neat exchange equigment; in t h e  ca t a lys t  bed when a f l u i d  
coolar t  i s  used, o r  t h e  me of high product &as recycle r a t e s .  Ln both 
i -scances,  the  Lrvestment and o7erating cos ts  a r e  hign. 

a t ion  process because of t h e  high r a t e s  of k a t  transfer obta i iab le  with 
r e l a t ive ly  simple heat exchange equi-ment. The ease of  addi t ion and 
withdrairal of ca t a lys t  a l so  seemed t o  be a s ign i f i can t  advantage. How- 
ever, r e s t r i c t i o n  of the  possible range of operatir,g conditions by t h e  
f lu id iza t ion  cha rac t e r i s t i c s  of the sol ids-gas  system employed, and 
ca ta lys t  a t t r i t i o n ,  vere  recomized as major problem.  Further,  scale-  
up of fluid-bed reac tors  f o r  synthesis  operations ivas b o r n  t o  be d i f -  
f i c u l t l 6  and vas not f u l l y  demonstyated on a commercial sca le  until 
r e ~ e n t 1 y . l ~ ' ~ ~  

In 1954, t he  U.S. Buresu of Mines achieved sa t i s f ac to rv  f lu id-  

Fixed- 

This requires 

Fluid-bed reac tors  appeared t o  be b e t t e r  su i t ed  f o r  the  menthau- 

bed operation I n  a 1-inch diameter reac tor  with a part ia l1y"extracted 
Raney n icke l  ~ a t a l y s t ; ~ '  at tempts t o  u t i l i z e  fluid-bed i ron  ca t a lys t s  
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were not  successful,  and the  performance of supported n icke l  ca t a lys t s  
was found t o  be d i f f i c u l t  t o  r e ~ r 0 d u c e . l ~  Russian invest igators  have 
a l s o  reported high conversion capac i t i e s  of p a r t i a l l y  extracted Ranev 
n i cke l  ca t a lys t s  in fluid-bed o p e ~ a t i o n . ~ ’ ~  
methanation technique was, therefore ,  i n i t i a t e d  by t h e  I n s t i t u t e  o f  
Gas Technology a s  par t  of i t s  pipeline-gas-from-coal research program. 

EWERIMENTAL 

A systematic study of t h i s  

In a l l  of the  work reported here,  the  ca t a lys t s  vere  prepared by 
caus t ic  leaching of 40-200 mesh Raney a l loy  with a nominal composition 
of 42  wt.  $ n i c k e l  and 58 wt. $ a lWm.24’25  Synthesis gas was  pro- 
duced by ca t a ly t i c  steam reformFng of na tu ra l  gas in a tube furnace,20 
o r  by suspension gas i f ica t ion  of coa l  with steam and oxygen i n  a s l a g g h g  
downflow pressure reactor.34 F a c i l i t i e s  vere a l so  avai lable  t o  increase 
the  &/CO r a t i o  of synthesis gas produced from coal  from t h e  usual 1:l- 
1.5:1 range t o  3:l by c a t a l y t i c  conversion o f  CO w i t h  stem t o  form 
H2 and C02. In some instances,  COa from b o t t l e  storage vas added t o  
t h e  3:l &/CO r a t i o  reformed na tu ra l  gas t o  simulate t h e  composition of 
synthesis  gas from coal  after CO s h i f t  and before COa removal. 

Except f o r  a l imited number of tests of sulfur tolerance,  syn- 
thesis gas was purif ied,  by passage through f ixed  beds of i ron  oxide 
and ac t iva ted  carbon, t o  a sulfur content of less than 0.01 grain per  
100 SCF (standard cubic foot  a t  ~ o O F . ,  30 Fnches of mercury and satu-  
r a t ed  with water vapor), and genera l ly  t o  about 0.001 grain p e r  100 SCF. 
Deta i l s  o f  the analytical procedures f o r  determination and iden t i f i ca -  
t i o n  of sulfur compounds i n  synthesis  gas have beenapresented else- 

Three major methods of operat ion were employed i n  the  study of 
fluid-bed methanation of synthes is  gas over Raney nickel  ca ta lys t s :  

1. Catalyst  evaluation tests and process var iable  s tudies  i n  a 
ba t t e ry  of approximately 1-inch ins ide  diameter Dowtherm-jacketed re- 
ac tors  (Figure 1). The e f f e c t  of ca t a lys t  preparation on i n i t i a l  
a c t i v i t y  and t o t a l  methane production capaci t  
f i e d  synthesis gases of approximately 3: l  &A0 r a t i o ,  and el’ i ~ h e r  neg- 
l i g i b l e  o r  30 m o l e  $ average C02 content.  
10,000 SCF/cu.ft. ca ta lys t -hr .  space veloci ty ,  75, 150 and 300 p.s. i .g.  
reac tor  gressure,  and 100 cc. in i t ia l  a l loy  volume. (Space ve loc i t ies  
a re  based on the i n i t i a l  d r y  a l l o y  volume). 
a l so  made of the var iables  o f  synthesis gas &/CO r a t i o ,  synthesis gas 
CO2 and organic sulfur content,  space veloci ty  and operating pressure.  
Catalyst  bed temperature was cont ro l led  by adjustment of pressure i n  
the  Dovthem-jacket and re f lux  condenser, with the  Dowtherm maintained 
a t  the  boi l ing point by an e l e c t r i c  heater  surroui idbg the  jacket.  
Temperatures, although d i f f i c u l t  t o  maintain constant throughout t h e  
bed because of the high exothermicity of the react ion,  were normally 
within TOO0 -800OF. 

2. Capacity tests of a 6-jnch inside diameter p i l o t  plant  reac tor  
(Figure 2) .  Dowthem “A“ c i r cu la t ing  through an external  jacket and 
through six in te rna l  bayonets w a s  used t o  heat the  ca t a lys t  t o  reac t ion  
temperature a t  the start of operat ion,  and then, a s  increasing quanti-  
t i e s  of exothermic heat  of reac t ion  vere released, t o  remove heat from 
the  ca t a lys t  bed. This vas accomplished by controlling t h e  Dowtherm 
temperature between the  l M t s  of 750’F. (corresponding t o  a vapor 
pressure of 144 p.s.i.g.1 and 496OF. ( t h e  atmospheric boi l ing point)  
with a &as-fired heater upstream from t h e  reac tor ,  and a flash chanber 
and reflux condenser downstream from t h e  reactor .  The f lash  temper- 
ature was control led with a n i t rogen  back-pressure system. The high 
c i r cu la t ion  rate (30 gal./-.) allowed most of the  Dowthem t o  remain 
i n  l i q u i d  form. 

where.22>28>32 

was detemined with puri-  

Nominal test  conditions were: 

A systematic study was 

Purif ied synthesis  gas produced by ca t a ly t i c  steam 
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reforming of na tu ra l  gas was used as feed a t  pressures  up t o  190 p.s.1.g. 
After  a s e r i e s  of shor t  rests, comprising 177 hours o f  s teady-state  
o?eration ririth a batch of ca ta lys t  prepared from 0.343 cu.f t .  o f  a l loy ,  
t he  reac tor  was s l i g h t l y  modified t o  t h e  d e s i q  depicted i n  F igwe  2 
t o  perinit attainment of a synthesis  gas capaci ty  of 3000 SCF/hr. with 
a 0.5 cu. f t .  ca t a lys t  charge; i n i t i a l l y ,  t h e  cooling bayonets were 
constructed of 1/2-inch Schedule 40 pipe, t he  disengaging sec t ion  was 
s imller ,  and the  porous s t a in l e s s  s t e e l  gas f i l ters were a l so  smaller 
and located i n  a s ide off take.  

TTLloratory p i l o t  plant  tests of simulated integrated pipe- 
line-gas-from-coal operation involving the  process s teps  of a )  suspen- 
s ion  gas i f i ca t ion  of coa l  with s t e m  and oxygen t o  produce synthesis  
gas a t  a nominal r a t e  of 20,000 SCF/hr., b) preliminary purification 
v i t h  i ron  oxide f o r  bulk removal of hydrogen su l f ide ,  c )  tem2orary 
p res swe  s torage and withdrawal a t  3000 SCF/hr., d) adjustment of 
synthesis gas composition by p a r t i a l  carbon monoxide s h i f t  of a port ion 
of  the  synthesis  gas, e) f i n a l  Gurif icat ion with i ron  oxide and a c t i -  
vated charcoal t o  less than 0.01 graLt of sulfur per  100 SCF, and f )  
methanation over fluidized Raney n icke l  c a t a l y s t  i n  the  reac tor  depicted 
i n  Figure 2.  

3 .  

CATAIXST ?REPARATION AND HANDUXG 

The 42 vt. $ nickel-58 wt. $ aluminum a l l o y  was supplied by t h e  
R a m y  Catalyst  Corngang. The s t ruc tu re  of t he  crushed a l loy  is  shown in 
Figurs 3. T h e  highly f rac tured  condi t ion of t he  c a t a l y s t  p a r t i c l e  i s  
ty::ical of t he  material used ia t h e  t e s t  progran. The dark homogeneous 
regions are Mi2A13 (gama) phase, t h e  l i g h t  homogeneous regions a r e  
FiAls (be t a )  phase,and the  elongated mot-tled regions a r e  a fine-orained 
eu tec t i c  rnixture consis t ing of algha phase ( l e s s  than 0.05 w t .  $Onickel) 
a d  beta ghase. Metallographic s tud ies  of caustic-etched p a r t i c l e s  
shoved t h a t  t he  gama phase i s  more r e s i s t a n t  t o  a t t ack  than are the  
othe? t v o  phases, although x-ray analyses of caus t ic - t rea ted  a l loy  in- 
dicated t h e  presence of  a l l  of t h e  three  o r i g i n a l  phases even when the  
aluninim content had been reduced t o  5 wt. % o r - l e s s .  The na jor  pro- 
duct o f  caus t ic  leaching recovered i n  the  c a t a l y s t  vas iden t i f i ed  by 
x-ray as beta-alumina-trihydrate, and t h e  presence of small c r y s t a l l i t e s  
of a e t a l l l c  n icke l  was a l so  indicated when the  aluminum conversion by 
caus t ic  leachmg was substm-t ia l .  

Orginally, t h e  ac t iva t ion  procedure reported by t h e  U. S. Bureau 
of Nines was  e r n g l ~ y e d . ~ ~  
t h a t  an ac t ive  c a t a l y s t  could be prepared by extract ion,with d i l u t e  
caustic,of' only 3-5 $ of the aluminui.content, and t h a t  t h e  amount of 
alu!ninm reToved vas determined by a s toichiometr ic  re la t ionship  such as. 2 5  

It vas fu r the r  assumed t h a t  t h i s  procedure could be repeated a number 
of t i nes  t o  r e s to re  the  a c t i v i t y  of t h e  ca t a lys t .  

After development of t he  necessary ana ly t i ca l  techniques, it was 
shovn i n  t h i s  study t h a t  at  l e a s t  20% of the  aluminum had t o  be converted 
before s ign i f i can t  a c t i v i t y  f o r  t h e  methanation reac t ion  was ob tabed ,  
and t h a t  considerably higher conversions were required t o  produce a long- 
l i ved  ca t a lys t .  Further ,  the  presence of la rge  amounts of &L2O3*3&0 
in the  ex t rac ted  a l l o y  confirmed t h a t  i n  addi t ion  t o  Reaction (l), sodium 
a l m i n a t e  o r  d i r e c t  aluminum hydrolysis r e a c t i o n ~ _ o c c u r : ~ ~  

This procedure was based on the  assumptio.n 

2A1 + 2NaOR + 2&0- 2 N a f d O ~  + 3& (1) 

2NaA102 + 4&0 - A1203.3Hz0 + 2NaOH ( 2 )  

2A1 + 6 ~ ~ 0  - A1203-3H20 + 3H.2 (3) 
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Fig. 3.-MICROSTRUCTURF OF 42 WT.$ NICKEL - 58 WT.$ ALUMINUM AL;Loy 
( X  500)  

ALUMINUM CONVERSION BASE0 ON HYDROGEN EVOLUTION, "r. 

Fig. 4.-COMPOSITION OF RANEY NICKEL CATALYSTS 
PREPARED By CAUSTIC LEACHING AT C0NTROL;L;ED 

RATE AND AMOUNT OF HYDROGEN EVOLUTION 
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Efforts to reduce aluminum oxide formation under conditions allowln@; Only 
partial aluminum conversion were not successful. (In commercial Raney 
nickel catalyst p~eparation,~~ the alloy is added to an excess of con- 
centrated caustic which apparently favors aluminum removal as aluminate. ) 

verted to either aluminate or alumina, it was possible to follow the pro- 
gress of catalyst activation by measurement of hydrogen evolution. In 
the standard procedure for preparing laboratorg batches of catalyst, 
100 cc. (162 g.) of  42 wt.  $ nickel-58 w t .  $ alumhum alloy and 280 cc. 
o f  water were placed in a 2-liter three-neck flask. One neck of the 
flask held a mercury thermometer, the center neck held a reflux con- 
denser, and the third neck held a buret f o r  caustic or quench water 
addition. A wet-test meter was connected to the reflux condenser to 
measure the evolved hydrogen. 
agitate the alloy. Fifteen cc. of a 26 w t .  $ sodium hydroxide solu- 
tion was added, caushg hydrogen evolution to begin, accompanied by a 
large heat release. When the temperature reached tke boiling point 
after about 8 to 12 minutes, enough water was added to prevent flash 
vaporization, but not enough to reduce the temperature below the boil- 
ing point. The reaction was permitted to proceed at the boiling point 
until either an apparent 30, 65m 85% of alumbm conversion had 
occurred. 
of apparent aluminum conversion of 162 g. of alloy was evolved in 34 to 
42 minutes. 
addition of large amounts of cold water and the caustic liquid decanted 
from the wet catalyst. The catalyst was washed neutral to litmus and 
stored in methanol. 

Figure 4 shows the relationship between chemical analysis of the 
catalysts prepared in accordance with the standard procedure, and the 
percent of aluminum conversion indicated by hydrogen evolution. 
was necessary to further develop conventional procedures6J1s to make 
these analyses. The most reliable technique consisted of drying the 
sample by heating in a stream of dry hydrogen, and passing d r y  hydrogen 
chloride over it to volatilize the aluminua metal as aluminum chloride. 
The aluminum chloride was recovered, precipitated with ammonia, and 
ignited to the oxide. The residue from the hydrogen chloride treatment 
was boiled with nitric acid, and filtered. The residue from the fil- 
tration was ignited to obtain the quantity of al-a not dissolved by 
this treatment. The filtrate was diluted to volume; on one aliquot, 
alumina was determined by double precipitation with benzoate and igni- 
tion to the oxide; on another aliquot, nickel was determined by di- 
methylglyoxime. 

Batches of pilot plant catalysts were prepared only by the orighal 
activation method, which consisted of leach3 a suspension of the alloy 
in water at a maximum temperature of 120°-130 F. by slow addition of 
sufficient dilute sodium hydroxide solution to convert 5% of  the alum- 
inUm content in accordance with Reaction (1). 
vigorous hydrogen evolution stopped, and the catalyst was washed 
neutral to litmus and stored in water. No reliable analyses o f  pilot 
plant catalysts are available, since the analytical technique had not 
been f u l l y  developed at that time. 

The particle size distribution of the alloy used in the preparation 
of laboratory batches was standardized by combining indivi'dual screen 
fractions in the fixed proportions shown below; the screen analysis 
of the 0.343 cu. ft. of alloy for the original pilot plant batch is also 
given: 

Since 3 moles of hydrogen are evolved per 2 moles of  almhum con- 

A magnetic stirrer was used to slightly 

For example, the 2.88 SCF of hydrogen corresponding to 65% 
At the desired point , the reaction was quenched by the 

It 

After 4 to 6 hours, 

c 
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Alloy Size Distr ibut ion,  W t . $  
Standard 

Laboratory P i l o t  Plant 
U.S.S. Sieve Charge Charge 

+40 0 1.2 
-40 + 60 15 15.8 
-60 + 80 15 10 .1  
-80 + loo 10 9.7 
-100 + 140 35 34.7 
-140 + 200 25 28.3 
-200 0 0.2 

I n  t h e  p i l o t  plant study, the  >repared ca ta lys t  was charged as a 
water slurry and, in the  majori ty  of the laboratory t e s t s ,  a s  a inethanol 
s lur ry .  
slurry w a s  used t o  avoid the  9 o s s i b i l i t y  o f  ca ta lys t  oxidation, which 
could r e s u l t  i n  c a t a l y s t  deact ivat ion.  
in to  t h e  reac tc r ,  it w a s  d r ied  i n  a stream of  nitrogen before ir-tro- 
duction of synthesis gas. The c a t a l y s t  temperature was raised t o  a 
l e v e l  not exceed- 650°F., which was s u f f i c i e n t  t o  i n i t i a t e  react ion 
of the  synthesis gas, causing f u r t h e r  temperature r i s e  rrhich had t o  be 
control led by adjustment of the Dowtherm tem2erature leve l .  Since t h e  
reac tors  vere shut down repeatedlg without change of the  ca ta lys t  charge, 
i t  vas necessary t o  s t o r e  t h e  c a t a l y s t  i n  t h e  reactor  under nitrogen. 
I n  case of extended tests which vere interruFted only teriporarily, such 
as by scheduled weekend shutdo$ms, the  ca ta lys t  temperatu-v vias reain- 
ta ined a t  400°-5000F. 

gave exceedingly poor rep-oducib i l i ty  of results. 
through t h e  porous stainless steel f i l t e r s  occurred in mit r ig  attempts 
t o  m a k e  an extended run; the p a r t i c l e s  escaping f r o m  the reactor  were 
very small and only a minor port ion could be recovered. 
occurrence which preceded an abrupt reduction i n  conversion capacity 
was l i f t i n g  of t h e  bed i n t o  the  disengaging zone and deposit on t h e  
filters, requir ing blow-back t o  reduce pressure; t h i s  frequently took 
place after a weekend shutdown. No s s e c i f l c  cause f o r  t h i s  t n e  o f  
f a i l u r e  could be e s t a b l i s h e a b u t  It was found t h a t  by making t h e  follow- 
ing revis ions i n  these procedures it was ;?ossible t o  grea t ly  inprove 
t h e  consistency of  the c a t a l y s t  perfornance data: 

Charging was done under a nitrogen blanket. Transfer as a 

After the  s l u r r y  had been charged 

I n  ca ta lys t  l i f e  tes ts ,  t h e  above charging and startur,  procedures 
Rapid.loss of  c a t a l y s t  

A comon 

1. 
2. 

3. Charge t o  uni t  under ni t rogen blanket. 
4. 

Store  in methanol f o r  not longer than 24 hours. 
Predry i n  nitrogen a t  250°F. for 2 hours t o  obtain free-flowing 

material. 

S t a r t  up s lovly w i t h  hydrogen as f l u i d i z l n g  m e d i u m  a t  
a2proxinately 1 f't ./sec. s u p e r f i c i a l  veloci ty ,  and gradually reglace 
hydrogen w i t h  synthesis gas after attainment of  the desired temper- 
a t u r e  and pressure.  

5. During interrupt ion of an extended t e s t ,  shut down i n  nltrogen 
a t  45OoP. and atmospheric pressure and start up with hydrogen a s  above. 

PROCESS VARIAEXZS 

A number of thermodgnamic analyses of the methanation react ion 
system have been nade3'971"23 i n  an e f f o e  t o  evaluate the influence 
of the  major operating var iables:  pressure, temperature and &/CO r a t i o ,  

i 
f' 

', 
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on the equilibrium conversion of the feed gas to methane, water vapor, 
carbon dioxide and carbon. In these analyses the chemical reactions: 

CO + Y& C H 4  + H20 ( 4 )  2co --* c + coz ( 7 )  

CO + &O 4 C O 2  + H2 ( 6 )  CK, 2H2 + C (9)  

. 2CO + 2H2 4 C H 4  + C 0 2  ( 5 )  CO + H2 -Hz0 + C ' ( 8 )  

were ea?loyed as the basis of the equilibrium product distribution 
calcylations. Under conditions of chemical equilibrium in the absence 
of carbon fomation,any two of the first three reactions will define 
ths system. !.men equilibrium carbon formation is to be included, one 
of the three carbon-forming Reactions ( 7 ) ,  (8) and ( 9 )  nust alsobe con- 
sidsred. The results of the various thermodynmic studies show that in 
the absence of carbon formation, nearly stoichiometric converslon of 
1:l to 3 : l  H2/C0 ratio synthesis gases to methane can be attained at 
650°7. and 25 atmospheres (353 2.s.l.g.); equilibrium =ethane yields 
decrease with increases in temperature and decreases in pressure, but 
remain reasonably high below gOOF. at pressures f r o m  1 to 25 atmospheres. 

of infomation on the nature of the carbon deposited on methanation 
catalysts. Standard thermodynamic data are normally based on carbon In 
the form of beta-graphiteZ7, whereas under actual experimental con- 
ditions the de?osited carbon may be in different forms, and, therefore, 
have different the.modfiianic progerties. For example, removal of ex- 
cessive carbon from the system may involve carbide formation with the 
rnstallic catalyst com9onent. 

Carbon dsposition boundary data based on equilibrium constants 
obtained from actual methanation reaction systems catalyzed by precipi- 
tated nickel' show substantially lower limiting feed gas &/CO ratios 
than Cr-ta based on beta-gra3hite.l4 For example, at 900°F., t'ne mininm 
H2/C0 ratios calculated from the experhental equilibrium data are 1.75: l  
at cze atmosphere, and 1 . 5 : 1  at 25 atmospheres. In coqarison, when 
bata-gra2hite is used as the form of carbon, the minimum &/CO ratios 
at 903'7. are 3.25:1 at one atmosphere, and 2 . 6 ~ 1  at 25 atmospheres. For 
the calculations based on experimental results, the limiting H2/C0 ratio 
dm?s to 1:l at ~ooOF., whereas for the beta-graphite data, freedom from 
c a b m  fornation is not indicated anyvhere in the low-temperature range 
below H*/CO ratios of 2 . 6 : l .  Addition of steam or C 0 2  to the feed gas 
lovers the 1Lnitit-g HJCO ratios. 

The prssence of CO2 in the feed also has the desirable tendency 
to sa9ress  hydrogen 'oreskthrough. For exanFle, if only the stoichio- 
metric relationship are considered, a 3:1 %/GO ratio feed gas could 
&ive methane yields rangb-g from 0 . E 5  moles to 0.25 moles/mole 
242 + CO, while cozglete CO conversion is mahtained. Thus, unless CO 
conversion via the COa-r'oming Reactions (5) or (6) is lb-ited by 
equilibrim hindrance, the actual methane yield m y  be substantially 
below the theoretically attainable level. 

with Raney nickel catalysts, a series of exploratory tests was made in 
the laboratory reactors. 
ratio and vaFious C 0 2  contents were methanated over catalyst charges 
wepared by leaching of 100 cc. of alloy wrLth dilute caustic f o r  more than 
4 hours. Pressure levels of 27, 75 and 150 p.s.i.g. were Investigated, 
which 3ermitted up to fourfold variations LI space velocity at constant 
superficial feed gas velocity. With purified synthesis gas produced by 
steam-oxygen gasification of coal (42-47 mole $ H2, 31-32 mole $ CO, 15-19 
mole $ C 0 2 ,  1-2 mole $ C H 4 ,  4-5 mole $ N2) comglete CO and nearly complete 

The calcalation of equilibrium carbon yields Is comglicated by lack 

To establish the range of suitable fluid-bed operating conditions 

Synthesis gases of about 1.5:l and 3 : 1 - & / C O  

1 '  
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& conversions were obtained a t  supe r f i c i a l  feed gas ve loc i t ies  up t o  
agprox-tely 0.7 f t . /sec .  
8000 SCF/cu. f t .  catalyst-hr .  a t  150 p.s . i .g .  A t  supe r f i c i a l  ve loc i t i e s  
below 0.3  f t . / sec . ,  carbon recoveries  in the  product gas tended t o  be 
low, possibly a s  a result o f  carbon deposit ion on overheated, incom- 
p l e t e ly  f lu id ized  ca t a lys t .  

Lr a se r i e s  of p a r a l l e l  tests with 2.8-3.4:1 &/CO r a t i o  synthesis  
gases containing only small amounts of  C O 2 ,  CH4 and N2, no si&nificant 
CO breakthrough was observed a t  space ve loc i t i e s  as high a s  9000 SCF/cu. 
f t .  catalyst-hr .  at 27 p.s . i .g . ,  and 15,000 SCF/cu. f t .  catalyst-hr .  at  
75 and 150 p.s.i.g. Sa t i s fac tory  operation in a l l  other  respects  was a l so  
obtained over a supe r f i c i a l  feed  gas veloci ty  range of 0.1-3.3 ft./sec., 
except f o r  one ins tancecfapparent  low carbon recovery i n  the  product 
gas a t  0 .1  f t . /sec .  and 150 p.s. i .g.  

In an addi t ional  series of t e s t s ,  the  e f f e c t  of 20-30 mole $ C O 2  
d i lu t ion  of 3.2-3.8:l &/CO synthesis  gas was invest igated a t  pressures 
of 75, 150 and 300 p.s. i .g.  A t  gas feed r a t e s  CorrespondFng t o  space 
ve loc i t i e s  of 7000-23,000 SCF/cu. f t .  ca ta lys t -hr .  and supe r f i c i a l  velo- 
c i t i e s  of 0.2-2.4 f t . / sec . ,  no s igni f icant  CO breakthrough was observed, 
and carbon recoveries in t h e  product gas were approximately 100%. 

The 1.049-inch ins ide  diameter reac tors  used in t h e  last series and 
in subsequent t e s t s  had approximately 60% more annular space t h a n  t he  
reactors  used i n i t i a l l y ,  s ince  the diameter o f  the  themowell  had  been 
decreased from 0.840 inches to  0.675 inches. A s  a result, ca t a lys t  bed 
depths and super f ic ia l  gas v e l o c i t i e s  a t  equivalent operating conditions 
were about 60$ of  the values with t h e  o r ig ina l  reac tor  design. T h i s  
was probably responsible f o r  an increase i n  the  maximum temperature l e v e l  
o f  t h e  ca ta lys t  bed from 65Oo-75O0F. t o  69Oo-79O0F. under conditions 
giving e s sen t i a l ly  complete CO conversion. 

i s  presented i n  Table 1. The data show t h e  expected t rend of increase 
i n  m e t h a n e  content, and decrease in hydrogen content,  of t h e  product 
gas as pressure i s  increased. A t  75 p.s . i .g . ,  there  was l i t t l e  sup- 
pression of hydrogen bre&through due t o  the  e f f e c t s  of feed gas C 0 2  
content. Rowever, a t  150 p . s . i .g . ,  subs t an t i a l  reduction in  hydrogen 
breakthrough was observed a t  t h e  lower space ve loc i t i e s .  A t  300 p.s. i .g. ,  
the  combined effect  of high pressure and presence o f  COa In t h e  feed 
gas resu l ted  i n  near ly  complete suppression of hydrogen breakthrough 
except a t  the  very high space ve loc i t i e s .  The tendency toward increases  
Fn hydrogen breakthrough with increases  Fn space veloci ty  f o r  t he  high 
&/CO r a t i o  synthesis gases w a s  not c l e a r l y  defined a t  a l l  pressure 
l eve l s ,  possibly due t o  var ia t ions  in feed gas composition. I n  the  
tests wLth the high C02-content 3:l &/CO r a t i o  gases there  was a s l i g h t  
reduction in t h e  quantity of CO2 leaving the  reac tor  compared t o  the  
quant i ty  enter ing.  

Although only some of t h e  product gases had CO concentrations 
readi ly  detectable  by t h e  ana ly t i ca l  procedures employed (mass spec- 
trometer supplemented by infrared ana lys i s ) ,  i t  appears t h a t  the  carbon 
monoxide s h i f t  reac t ion  CO + &O - C O a  + & c lose ly  approached equ i l i -  
brium in a l l  t e s t s ,  s ince CO concentrations o r  less than l m o l e  $, and 
normally as l o w  as 0.1-0.5 mole %, would give experimental equi l ibr ium 
constants consistent with the  theo re t i ca l  values.  

CATAIXSTFZRFOMCE . 

The important c a t a l y s t  performance var iables  a r e  a c t i v i t y  and t o t a l  
conversion ca2acitg. In t h i s  study, a c t i v i t y  i s  defined i n  terms of t h e  
percentage of t h e  synthesis  gas & + C O  content t ha t  is converted t o  methane 

This corresponds t o  a space veloci ty  of 

A summary of the average y i e ld  data  for these three se r i e s  of tests 
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Table 1.-EFFECT OF OPERATING CONDITIONS ON FLUID-BED 
METHANATION YIELDS RANEY N I C m  CATALYST 

C02-Contalnlng 1.5:1 H*/CO Ratlo Feed Gas 

Pressure, p.s.1.g. 27 

cat. -hr . 2200 
blolcs product gas/mole feed 0.56 
Moles water formed/mole feed 0.07 

Feed 
co2 16 51 
co 31 

4 7  4 

Space velgclty, SCF/cu. ft. 1200- 

Gas composition, mole $ - 
-- 

i 35 
5 10 

75 
2300: 

4400 
0.56 
0.07 

Feed 
16 52 
32 
46 2 
1 36 
5 10  

- 
-- 

Essentially C02-F’ree 3:l  Hr/CO Ratio Feed Gas 

Pressure, p.s.i.g. 27 
Space velocity, SCF/cu. ft. 1000- 
cat.-hr goo0 

Moles product gas/rnole feed 0.30 
bIoles voter formed/mole feed 0.23 
Gas composition, mole $ Feed 

6 -- 1 
24 

co2 
co 
H2 

N2 
CHg 

74 1 1 - 1 4  
0 78-75 
1 5 

COZ-Containing 3:l R2/C0 Ratio Feed Gas 

1 

f 

Pressure, p.s.i.g. 
Space velocity, SCF/cu. ft. 

Moles product gas/mole feed 
Moles uater formed/mole feed 

cat. -hr 

Gas composition, mole $ Feed 
co 2 27 co 16 
H2 56 
N % 2 

- 
0 
1 

aspace velocities outside this range gave 
covery in the product gas- or substantial 
beported Na content of product gases may 

75 150 

23,000 21,000 
0.115 0.45 
0.20 0.20 

8000- 7000- 

75 
1000- 

15,000 
0.30 
0.23 

6 

11 
78 

5 

-- 

Feed 
56 59-56 25 -- 17 

- 
-- 
5 2-5 57 

36 36 0 
3 3 1 

elther less than 90% carbon re- 
CO breakthrough. 
Include small percentage of CO. 

150 
3000- 
8000 
0.55 
0.07 

53 

1 
36 
1 0  

-- 

150 
1000- 

15,000 
0.27 
0.24 

5 

8 

5 

-- 
a2 

300 

17,000 
0.43 
0.21 

54 -52 

1-3 
42 
3 

7000- 

-- 



o r  methane equivalent: $ Fi2-C0 Conversion = 

les D r  Prod. Mole '$ C&-Equiv. $ C%-Xquiv 
[ k k e s  ET; Feed E) (in Dry Prod. G s s )  - ?le i n  Dry Feed GES 

Mole 3 ir, + CO i n  Dr 7~ -Teed Gas 100 

where the methane-equivalent i s  the sum of: mole percentage multi- 
plied by carbon ncmber f o r  each gaseous hydrocarbon. 
conversion t o  methane of any synthesis  gas In the 1:1-3:1 &/CO r a t i o  
range by the necessary combination of Reactions ( 4 )  and- (5)  , or ( 4 )  
and ( 6 ) ,  a value of 1005 would >e obtained. Lt ethane i s  a l s o  pro- 
dxced, the &-CO conversion based on the above def in i t ion  could s l igh t -  
l y  exceed 100%; however, the m a x i m m  value at  complete conversion of 
0.75:1-2.5:1 HJCO r a t i o  synthesis gases t o  ethane would be o r iy  I l k $ .  
The t o t a l  conversion capacity of the c a t a l y s t  is defined as the iJeight 
of n e t  methane equivalent per wit weight of o r i g i n a l  a l l o y  nickel  con- 
t e n t ,  o r  the volume of n e t  met'nane equivalent per u n i t  weight of 
or ig ina l  a l loy ,  produced by t h e  c a t a l y s t  during the period i n  which i t  
maintains 70% &-CO conversion or  more. 

S u l f i r  tolerance limits of standard fluid-bed Raney nickel cat-  
a l y s t s  prepared by 65 and 85% alumiiium conversion were determined 50 
e s t a b l i s h  synthesis gas pur i f ica t ion  requirements. In  L e s e  tests, 
C02-containing, 3:1 ZJCO r a t i o  synt'nesis gases having organLC s u l f i r  
ccntents (-7 in the  form of COS) of 0 . 5  t o  4 graFns per 100 SCF 
were nethanated a t  space v e l o c i t i e s  of 5000 t o  13,000 SCF/cu.ft . 
ca ta lys t -hr .  and 75 p . s . i .g .  
c a t a l p t ,  and continued u n t i l  most of the c a t a l y s t  a c t i v i t y  had been 
l o s t .  It was observed t h a t  the c a t a l y s t  a c t i v i t y  dropped rapidly t o  
less than 70 t o  80% &-CO conversion when the t o t a l  su l fur  exposwe 
a t ta ined  a leve l  of approximately 0.5 lb./100 Ib. of nickel .  
agrees qui te  w e l l  with similar su l fur  poisoning tes t  r e s u l t s  obtained 
in studles  with supported nickel  c a t a l j s t s .  35 It w a s  determined by 
measurement of I12S and organic su l fur  l ibera ted  from a poisoned cat-  
a l y s t  by ac id  treatment tha t  e s s e n t i a l l y  a l l  of the organic sulfur 
introduced in the course of a tes t  w a s  removed by the ca ta lys t .  From 
a l h e a r  extrapolation of these r e s u l t s ,  adequate ca ta lys t  a c t i v i t y  
could be expected f o r  about 1500 hours when a gas contaLn-g 0.01 
graLn of sulfur per 100 SCF is f e d  a t  a r a t e  of 10,000 SCF/cu.ft. 
catalyst-hr .  

Typical r e s u l t s  of a c a t a l y s t  l i r e  test  w i t h  pur i f ied  synthesis 
gas are given i n  Table 2 .  In t i s  test, H2-C0 conversion dropped t o  
approx-tely 80s in 1010 hours of operation at 75 p.s. i .g. ;  a t  tha t  
t h e ,  the pressure l e v e l  w a s  Lmreased t o  150 p . s . i . g . ,  Vnich resulted 
in an increase i n  Hz-CO conversion t o  a l e v e l  of zbout 90%. :-;onever, 
a f t e r  1300 hours of operation, t'ne Ha-CO conversion dropped t o  705 and 
the m iJas terminated. 
sured m d e r  methanol) was recovered, so the decrease of conversion 
capacity cannot be ascr ibed s o l e l y  t o  a c t i v i t y  loss. 

be desirable  f o r  use of the process as a source of a na tura l  gas 
suoplernent. This is  t -p ica1  of' operation at r e l a t i v e l y  low pressure 
and high space veloci ty  w i t h  a high H2/C0 r a t i o  synthesis gas. 
gas of a p p r o x b t e l y  900 B.t.u./SCF C02-free heat ing value was pro- 
duced f o r  about 500 hours in a slmilar run 31 which the pressure was  
maintained. a t  150 p.s. i .g.  through the e n t i r e  operating period. By 
ad:'ustment of the &fCO r a t i o  t o  ;;1Fni;nize hydrogen breakthrough, and 
reduction of the nitrogen content of Eye synthesis  gas, i t  i s  a l s o  
possible  t o  produce 900 B.t.u./SCP COa-free gas a t  75 p . s . i . g .  and 
10,000 SCF/cu. f t  . catalyst-hr  . space veloci ty  for l imited periods. 

A t  complete 

Sach test  w a s  made rrith a f r e s h  batch of 

This 

Only 45$ of the or ig ina l  ca ta lys t  volume (mea- 

The C02-free heating values shown i n  Table 2 are lower than would 

However, 
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Table 3 summarizes the  t es t  results f o r  f i v e  extended runs in 
vhich more than 1000 l b .  ne t  CH4-equivalent/lb. N i  vas produced. 
cluded a re  r e su l t s  of an ea r ly  t e s t  with a ca t a lys t  which was a c t i -  
vated by three  successive caus t ic  extract ions ($To. 25C). It can be 
seen t h a t  the conversion capac i t ies  obtained a f t e r  the  first two ex- 
t r ac t ions  were very small. Extended operation was possible o n l y  after 
most of the  alminum had been extracted.  This run vas discontinued 
voluntar i ly  before t h e  &-CO conversion had decreased t o  t h e  n i i m  
acceptable leve l .  In  a tes t  w i t h  another e a r l y  ca t a lys t  preparation 
(No. 33A) it was possible t o  obtain a t o t a l  conversion capacity of 2770 
lb .  ne t  CH4-equivalent/lb. N i  by successive pressure increases from 75 
t o  about 300 p.s . i .g .  The a t t r i t i o n  rate in t h i s  t es t  was the lowest of 
any com2leted so f a r ;  unfortunately, t h e  ana ly t i ca l  data f o r  Catalyst  
33A a r e  not r e l i ab le ,  s ince they were obtained a t  a tlme when t h e  pro- 
cedures were s t i l l  under development. For example, t h e  si,=ificant 
difference in the  composition of  f r e s h  and recovered ca t a lys t  was  not 
observed in the  three most recent tes ts  (Catalysts  66B, 59B and 59A2). 
It has a l so  not been possible  t o  reproduce t h e  composition o f e e s h  
Catalyst  33A, which shows an unusually high n icke l  and low alms con- 
t e n t .  

On the  bas i s  o f  t he  da ta  of  Table 3, a t  the current ly  quoted cost  
of 90 cents  pe r  l b .  for pulverized 42 w t .  $ nickel-58 1 . .  $ alminum 
Raney a l loy  i n  25,000 lb .  a l loy  cos t s  per 1000 SCP of methane- 
equivalent would be in t h e  range of 3 t o  6 cents ,  ass&& no nickel  
c r e d i t  for the  sy;ent c a t a l y s t .  If these results could be duplicated 
on a comerc!.al scale ,  ca t a lys t  costs  should not be a major f ac to r  i n  
determining the f i n a l  cost  of producing pipel ine gas f r o m  coal  v i a  the 
methanation process .le 

Ln- 

PILOT PLANT TESTS 

The fluid-bed 2 i l o t  u n i t  was o-3erated in te rmi t ten t ly  over B period 
of  ten  months w i t h  t h e  o r ig ina l  0.343 cu. f t .  sharge of caustic-extracted 
42 w t .  $ nickel-58 wt.  $ aluminum Raneg ca t a lys t .  Nine runs with 
s teady-state  2ariods ranging from 7 t o  47-1/2 hours were made with a 
cumulative s teady-state  operating period of  177 hours. During t h i s  time, 
a2proxhate ly  47,000 SCF of net  methane-equivalent, corresponding t o  
125 lb./ lb.  N i ,  were produced. 
of  runs a re  given i n  Table 4 .  

a bulk densi ty  of approximately 110 lb./cu. f t .  
change during extract ion,  t he  s t a t i c  bed height i n  t h e  reactor  would have 
been approximately 2 feet .  It appears f ron  t h e  terqerature  pat terns  
observed i n  t h e  reactor  a t  t he  hlgher feed rates t h a t  t h e  ac tua l  Sed 
height during operation was approxha te lg  3 f e e t .  

o r  more  fed a t  t h e  bottom of t h e  reac tor ,  and t h e  reminder  a t  t he  18- 
inch l eve l .  Pressure l eve l s  i n  t h e  reac tor  were general ly  increased 
with increases  Fn feed r a t e ,  so tha t  t he  suDerf ic ia l  bottom feed gas 
ve loc i ty  was maintained i n  the  0.2-0.6 ft./sec. range (calculated on t h e  
basis o f  i n l e t  temperature, r eac to r  pressure and cross-sect ional  area o f  
t h e  ernJty,reactor) .  
and pressure were increased, i t  was necessary t o  increase the  ca t a lys t  
bed temoerature from amroximatelv 700'F. a t  mace ve loc i t i e s  of l e s s  

Typical operating data from t h i s  s e r i e s  

The  a l loy  used i n  t h e  preparation o f  the  p i l o t  plant  ca t a lys t  had 
Assuming no volune 

The feed gas was introduced through t h e  two lower inlets,  w i t h  2/3 

To mi iy ta ln  product gas qua l i ty  as throughput r a t e  

i 

than 1000 SCF/cu. f t .  catalyst-hr". t o  gOO°F. a t  space ve loc i t ies  of 
5000 t o  6000 SCF/cu. f t .  ca t a lys t -h r .  

\ 
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Complete CO conversion was obtained over the e n t i r e  range o f  
s2ace ve loc i t i e s  invest igated,  and H2-CO conversions were nomal ly  above 
905. 
sna l l  changes i n  feed gas H2/C0 r a t i o .  
very c lose  t o  equilibrium ~ a l u e s ~ ’ ~ ~  calculated on the  basis of Re- 
act ions ( 4 )  and ( 6 ) ,  except vhen ca t a lys t  a c t i v i t y  l i a i t e d  -&-CO con- 
version a t  hign space ve loc i t ies  and r e l a t i v e l y  low tz-llperatures. R e -  
duction i n  teinperature of approximately 7O0F. belo1.r t h e  l eve l  necessary 
t o  maintain equilibrium conversions resu l ted  in a s igni f icant  increase 
i n  R2 breakthrough, COa formation, and t o t a l  dry product gas volume, 
accoinganied by a decrease i n  CH4 concentration (compare t h e  two test  
periods reported f o r  Runs P-11 and P-15). 
bined oxygen ( C O 2 )  and free , hydrogen i n  t h e  product gas were balanced 
by dec-reased water fomzt ion .  A t  tem9eratures high enough t o  maintain 
adequate ca t a lgs t  a c t i v i t y  t h e r e  was l i t t l e  net  carbon dioxide fornat ion.  

The ca t a lys t  bed temperature increase with increases  in throvgh- 
nut rate vas ascom3anied by a decrease i n  DovLknem i n l e t  tem9eratdre 
from a>?roxirnately 700°F. t o  6 0 0 ~ ~ .  
to  renove t h e  exothermic h e a t  of react ion a t  t he  lover  spa-ce ve loc i t ies  
under e s sen t i a l ly  i so themal  conditions,  whereas a t  t h e  high through- 
gut r a t e s  a temperature difference o f  a q m x i a E t e l y  300°F. between 
the ca t a lys t  bed and the  Dovtherm was required.  For a heat of react ion 
of approxLmately 100,000 B . t  .u./pound-mole of methane (equivalent t o  
a?proxinately 65 B.t.u./SCF of if2 + CO converted),  and assuming an 
ac tua l  ca t a lys t  bed height of  3 f e e t  equivalent t o  a heat t r ans fe r  
area of 8.7 sq.  f t . ,  the overa l l  heat t r ans fe r  coef f ic ien t  between the  
ca ta lys t  bed and t h e  c i rcu la t ing  Doirthem w a s  on t h e  order of 50 B.t.u./ 
hr.-sq.  ft.-OF. It i s  e s t h a t e d  t h a t  the ove ra l l  coef f ic ien t  f o r  the 
cooling bayonets vas actuaLly on t h e  order of 100 3. t .u./nr. -sq.f t .  -OF.  
because of t h e  lower Dovtherin film res i s tance  a t  the  high f l o w  r a t e s  i n  
the bayonets a s  com;saied t o  t h e  jacket .  

The  t e s t  progran v i t h  the o r ig ina l  charge of ca t a lys t  vas d i s -  
continued because of excessive pressure drags through tae reac tor .  In-  
spection of the  reac tor  of f take  sec t ion  shoved t h a t  t h e  four 1-1/2 x 
9-inch ?orous s t a i n l e s s  s t e e l  gas f i l t e r s  were clogged v i t h  a considerable 
quantity of ca t a lys t  f i nes .  Since this condition was probably aggra- 
vated by the  off take desi-m and inadequate f i l t e r  a rea ,  these equipment 
corngonents were modified by t h e  addi t ion  of a lb-inch d i m e t e r  x 2 -  
foot sec t ion  t o  t h e  disengaging zone. T h i s  sec t ion  housed f o u r  3 x 18- 
inch i2orous s t a in l e s s  s teel  f i l t e rs  vLth a combined area three  t i n e s  a s  
la rge  a s  t ha t  or” the  o r ig ina l  i n s t a l l a t i o n .  

I n  addi t ion,  the  1/2-;lch Schedule 40 cooling bayonets were en- 
larged t o  3/4-inch Schedule 40 pipe t o  give an increase of aGproxi- 
mately 25% i n  the  cooling surface t o  ca t a lys t  volume r a t i o  (17.0 sq. 
f t . /cu.  f t .  t o  21.1: sq. f t . / cu .  f t . ) .  The  gas i n l e t  system was a l so  
enlarged t o  reduce t h e  high pessure drop encountered a t  the  higher 
gas r a t e s .  It vas hooed t h a t  these char--es vo-dd permit attainment of 
t h e  nominal 3000 SCFfnr. spthesis  gas casac i tg  des i red  f o r  integrated 
p i lo t  p lan t  operation. 

The modified reac tor  vas operated a t  a p p r o x h t e l y  100 p.s . i .g .  with 
a ca t a lys t  charge consis t ing of anproximately 1/3 recovered ca ta lys t  from 
t h e  preceding test  period, and 2[3 of ca t a lys t  prepared by t h e  o r ig ina l  
FrocedLwe, which had been s tored wder water f o r  near ly  one year. The 
t o t a l  ca t a lys t  volume, measured under ?,rater, was a p p r o x b t e l y  0.5 cu. 
f t .  I n  tT?o runs t o t a l l i n g  44 hours o f  s teady-state  operation with 
&/CO r a t i o  synthesis gas produced b 
r a t e s  ranging from 1400 t o  3300 SCF/&. vere invest igated.  

Some of the  var ia t ion  i n  t h e  &-CO conversions was t h e  r e su l t  of 
The prodKct d i s t r ibu t ion  tms 

The increased anounts of com- 

T h i s  ind ica tes  t h a t  it vas possible  

r e f o m s  of  na tura l  gas, .feed gas 
Gases of 
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about 900 B.t.u./SCF and 8 4  mole $ C& content were produced up t o  
the  highest  feed r a t e ,  confirming t h a t  the  desired capacity of t he  
reac tor  could be a t ta ined .  
a r e  given in the  last two colunns of Table 4. They indicate sub- 
s t a n t i a l l y  lower hydrogen breakthrough, and somewhat highel- &-CO 
conversion, than were obtained with the  o r ig ina l  ca t a lys t  charge 
and reac tor  design. 

a p rac t i ca l  fu l l - sca le ,  dense-phase fluid-bed methanation reac tor  can 
be designed f o r  high-capacity, one-pass operation, although such a 
reac tor  will have a r e l a t i v e l y  shallow ca ta lys t  bed. For example, 
a t  t yp ica l  operat Conditions of 1 f t . / sec .  supe r f i c l a l  feed gas 
veloci ty ,  5000 S C z u . f t .  ca ta lys t -hr .  feed gas space veloci ty ,  300 
p.s. i .g. ,  750°F. ca t a lys t  bed temperature, 55OoF. coolant temperature 
and a t  a heat t ransfer  coe f f i c i en t  o f  100 Btu/hr.-sq.ft.-OF, a 10-foot 
diameter methanation reac tor  would require  about 2500 1-inch tubes f o r  
heat  removal, and would contain an unexpanded ca t a lys t  bed about 6.6 
f t .  deep, equivalent t o  an unewanded ca t a lvs t  volume of 360 cu . f t .  
Such a reac tor  would handle a synthesis  gas rate of about 1.8 mi l l ion  
SCF/hr. corresponding t o  a methane  production rate of about 450,000 
SCF/hr., o r  over 10 mi l l ion  SCF/day. Lean-phase f lu id i za t ion  may give 
more f l e x i b i l i t y  o f  operation; each of t h e  two reac tors  constructed by 
the M .  W. Kello Company f o r  SASOL i n  South Africa reportedly handles 
9.5 mi l l ion  SCFZr. of synthesis  &as a t  5000 tons/hr. ca t a lys t  c i r -  
cda t ion .17  

Typical run data f o r  t h e  modified reac tor  

On t h e  basis of these p i l o t  plant  test  r e su l t s ,  it appears t h a t  

IDlTEGRATED PIPELIDE-GAS-FROM-COAL O R B A T I O N  

The process s teps  shown i n  Figure 5 vere invest igated in a - number of exploratory runs. Although only short  on-stream periods 
vere possible  because of rap id  ca t a lys t  failure, the indicated operating 
conditions and re su l t s  should be representat ive of those a t t a inab le  in 
steady-state  operation. The ca t a lys t s  used in these runs were prepared 
before t h e  act ivat ion,  handling and s t a r tup  procedures described i n  the  
preceding sections had been developed. Catalyst  f a i l u r e  appeared t o  be 
the  r e s u l t  of a t t r i t i o n  o r  d i s in tegra t ion ,  which caused l i f t i n g  of the 
bed i n t o  t h e  disengaging and f i l t e r  zone of the reactor,where severe 
overheat- occurred. 

The design and operat ion of  t he  suspension coal  g a s i f i e r  have been 
f u l l y  described elsewhere.34 However, t h e  use of COa ins tead of a i r  
t o  pressurize  the coa l  feed tank was a departure from the  previous pro- 
cedure, necessi ta ted by the  requirement f o r  a low ~ T J B  content of the  
synthesis  gas when a high-heating-value product gas i s  desired.  In t e r -  
mediate p a r t i a l l y  pur i f ied  synthesis  gas s torage was provided, since the  
generat- capacity under t h e  preferred operating conditions i s  20,000 
SCF/hr. f o r  l imited on-stream periods,  whereas t h e  nominal capaci ty  of 
t h e  remainder of the  p l an t  is  3000 SCF/hr. 

One of the  major problems of in tegra ted  operation Invest igated 
i n  t h e  exploratory p i l o t  p lan t  %ests was synthesis gas pur i f ica t ion .  
The use of fbed-bed  i ron  oxide pur i f ica t ion  ( 9  l b .  FezOs/bushel) f o r  
bulk &S removal, and of separate  COa removal from the  methanated gas, 
i s  probably uneconomical in comparison t o  hot carbonate, ethanolamine 
o r  Rect i so l  scrubbing of t h e  r a w  synthesis  gas f o r  combbed ILS, COZ 
and p a r t i a l  organic sulfur 1 9 2 s ' 3 7  However, the  scheme 
employed here  has t h e  advantage of allowing COa t o  remab i n  the  pur i f ied  
synthesis  gas,  which'is bene f i c i a l  f o r  two reasons: first, it inh ib i t s  
hydrogen breakthrough and carbon formation, and second, i t  provides a 
d i luent  as a heat sink f o r  some of t he  exothermic heat of reac t ion  with- 
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out the  use of gas recycle.  Further ,  i n  r e l a t ive ly  small-scale oper- 
a t ion ,  t he  highly e f fec t ive  t rouble-free and w e l l  known i ron  oxide 
purif icat ion technique appeared preferable  from p rac t i ca l  consider- 
a t ions .  

The organic su l fur  (COS and CS2) concentration of 10 graFns/100 
SCF used i n  Figure 5 i s  only nominal, s ince it varied considerably with 
t h e  su l fu r  content of t he  coal .  I n  one tes t  w i t h  a 4 w t .  $ sulfur con- 
t e n t  bituminous coal, t h e  raw gas after bulk &S removal contained 26 
grains  of  organic sulfur per 100 SCF; sa t i s f ac to ry  operation o f  t h e  
purif icat ion system a t  3200 SCF/hr. feed r a t e  vas s t i l l  obtaa-ed. How- 
ever,  in view of  t h e  l imi ted  ca?aci ty  of activated carbon f o r  organic 
su l fu r  removal a t  high p a r t i a l  pressures of C02,30 it would have been 
desirable t o  reduce t h e  load o n  t h e  carbon t o w e r s  by t he  addition of 
another conventional pur i f ica t ion  s t e p  for se lec t ive  ca t a ly t i c  conversion 
of COS and CS2 t o  &S by hydrolysis and hgdrogenation.13 With t h e  scheme 
sho1.m i n  Figure 5, t h e  synthesis  gas bypassing t h e  CO s h i f t  reac tor  had 
the  o r ig ina l  organic sulfur content,  although the  remainder contaliied 
on ly  a small amount, s ince COS and CS2 conversion proceeds shu l t aneous ly  
with cata1ytL.c CO s h i f t .  The  r e su l t i ng  reappearance of &S was eas i ly  
handled by a second set  of small  i ron  oxide towers. 

The f i n a l  COa removal s t e p  shown i n  Figure 5 had not yet  been put 
i n t o  operation when the  p i l o t  p lan t  program vas interrupted t o  overcome 
ca t a lys t  problems. I n  prac t ice ,  it is  unl ikely tha t  monoethanolamine 
scrubbbg would be com?etitive with o t h e r  processes, such a s  hot car-  
bonate, a t  the  high C02 concentrations and pressures 

CONCLUSIONS 

The technical  f e a s i b i l i t y  of a pipeline-gas-from-coal process 

Eowever, 
u t i l i z i n g  a fluid-bed, p a r t i a l l y  extracted Raney nicke l  alloy- ca ta lys t  
f o r  the  synthesis  gas methanation sr;ep vas dexonstrated. 
rapid mechanical de te r iora t ion  of t h i s  ca t a lys t  occurred frequent ly  
without a clear indicat ion of the exact causes. This problem was over- 
come on a laboratcry reac tor  sca le  by carefu l  cont ro l  of t h e  caus t ic  
leaching s t ep  employed f o r  ac t iva t ion  of t h e  a l l oy ,  by predrging of t h e  
ca t a lys t  t o  insure a free-flovLng, readi ly  f lu id i zab le  charge, and by 
s l o w  s ta r tup  i n  hydrogen. Boriever, successful use of these techniques 
i n  the  operation of a a i lo t -p l an t - sca l e  reac tor  h a s  ye t  t o  be demon- 
s t r a t ed .  I n  grocess var iables  s tud ies ,  the use of C02-containing, 3:l 
B&O synthesis gases was shown t o  have a benef ic ia l  e f f ec t  on &.-CO 
conversion t o  methane under operat ing conditions where the  ca t a lys t  
a c t i v i t y  was suf f ic ien t  t o  permit c lose  approach t o  equilibrium of t h e  
CH+-COa-&O-CO-% system. Organic sulfur tolerance of the ca t a lys t  a t  
high contamination leve ls  was approximately 0.5 lb./L00 lb .  of n icke l ,  
ind ica t ing  t h e  need f o r  purifying synthesis  gas t o  a su l fu r  content of 
less than 0.01 grain/lOO SCF if ac t ive  ca t a lys t  l i f e  is not  LO be 
l imi ted  below a prac t ica l  economic leve l .  The t o t a l  ca t a lys t  conversion 
CaDacity with purif ied s y n t h e s i s  gas a t  10,000 SCF/cu. f t .  ca ta lys t -hr .  
synthesis  gas space velocity,and operatlng pressures of 75-150 p.s.i.g., 
was approximately 20,000 SCF of methane/lb. of o r ig ina l  Raney a l loy ,  
o r  2000 lb. 
ca t a lys t  l i f e  of 1000-1500 hours and an o r ig ina l  a l loy  cost  on t h e  
order  of 5 cents/1000 SCF of methane. Slnce general ly  less than h a l f  
of the  ca t a lys t  was recovered a t  t he  end of a t e s t  of  t h i s  durat ion,  
it appears t h a t  ca t a lys t  l i f e  was limited by a t t r i t i o n  rather than by 
deact ivat ion.  

of methane/lb. of n icke l .  This corresponded t o  an ac t ive  
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